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IN CARBON DIOXIDE!

By John T. Howe, John R. Viegas,
and Yvonne S. Sheaffer

SUMMARY

Vishd

Chemical reaction rate coefficients for the dissociation of COz and CO are
estimated by use of collision theory and are compared with experimental results
obtained at low temperatures. The effect of varying the number of square terms
of energy effective in collisions on the rate coefficients is examined. The
estimated rate coefficients are employed to study the interdependent chemical
rate processes for the dissociation of COz and its components (including five
chemical species) coupled with the fluid flow behind a normal shock wave.
Solutions of the differential equations are obtained for shock speeds up to
10 km/sec at 1072 to 10~% standard atmospheric density by three methods. Thus
results of two simplified methods (one of which leads to a closed form solution)
are compared with those of an exact method. Chemical relaxation effects for
shock waves in COs are compared with those in Ny and Oz. Results for COo are
presented in the form of flow-field profiles of pressure, temperature, density,
enthalpy, and species concentration, and in the form of a relaxation distance
behind the shock as a function of shock speed and ambient density.

INTRODUCTION

Entry into planetary atmospheres having COz components enhances the interest
in the dissociative reactions of CO-. Although the estimated COp concentration
in planetary atmospheres is not large (estimates by Kaplan (ref. 2) are of the
order of 10 percent for Venus and less than that for Mars), it is important to
understand the chemical kinetics for CO, dissociation as well as for mixtures of
COz with other gases.

lThis study has also been discussed in reference 1. The information con-
tained in that paper has been considerably expanded in the present work. Addi-
tional discussion of physical phenomena, methods of solutﬁﬁn,gﬁnd additional
results are included in this paper. <



A considerable amount of work has been done on phenomena in COz in chemical
equilibrium related to planetary atmosphere entry. For example, Yee, Bailey, and
Woodward (ref. 3) have measured the heat transfer and have made equilibrium shock-
wave calculations in COp; Thomas (ref. L4) has estimated the transport properties
for equilibrium CO-; Hoshizaki (ref. 5) has calculated the heat transfer for high-
speed flight in pure CO, assuming chemical equilibrium in the flow field; and
Woodward (ref. 6) has calculated the equilibrium properties behind normal shocks
in COz - N- mixtures.

In the present paper, attention is focused on the nonequilibrium dissoci-
ative relaxation of COz behind a normal shock wave. Our purpose is to estimate
the nonequilibrium chemical effects on a dissociating (O, flow field. The
results are of interest for COs shock-tube and wind-tunnel studies and are useful
as a first step in studying nonequilibrium effects in gas mixtures containing a
COz component.

At present, the reaction rate coefficients for CO, dissociation are not well
known. Although Brabbs, Belles, and Zlatarich (in work not vet published) and
Gaydon and Hurle {(ref. 7) have obtained some experimental results at relatively
low temperatures, very little is known sbout the reactions or their rate coeffi-
cilents at the high temperatures behind strong shock waves. For that reason, the
reactions are postulated and their rates are estimated in this paper.

SYMBOLS

A Avogadro's nunber

a defined by equation (L45)

az4 nunber of atoms of type z 1n species 1

Bey coefficient in equilibrium coefficient expression (23) for reaction r

Bf,. coefficlent in forward reaction rate coefficient expression (22) for
reaction r

Epi specific heat at constant pressure for species 1 on a "per mole" basis

d average diameter of two colliding particles ‘

Ee,. energy in equilibrium coefficient expression (23) for reaction r

Ef. activation energy in forward reaction rate coefficient expression (22) for
reaction r

h static enthalpy (per mass basis)

h static enthalpy (per mole basis)

ﬁio enthalpy of formation of species i (per mole basis)
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Po

equilibrium coefficient for reaction r

forward reaction rate coefficient for reaction r

total nunber of species (eq. (7))

"typical" collision partner and molecular weight

reduced molecular weight (1/Mj + 1/My) ™t

number of moles of species i per unit mass of mixture

transition probability or frequency factor

static pressure

universal gas constant

number of classical squared terms of energy contributing to reaction
absolute temperature

velocity in x direction

species

distance behind shock

forward stoichiometric coefficient, and exponent in equations (22) and (23)
backward stoichiometric coefficient

%f density ratio across shock wave

defined by equation (51)

mass density of mixture

standard or sea level atmosphere density (1.225x1072 g/cm®)

constant in equation (21)
Superscripts

per mole basis

equilibrium value




Subscripts

a location of point in sketch (b)
b backward
eq equilibrium value
iy forward
i species i; 1 = 1 through 5 corresponds to COz, CO, Os, O, and C,
respectively
M prertaining to the typical collision partner
0 reference condition at sea level
T rth reaction; r = 1 through 3 shown in equations (18) through (20)
S conditions immediately behind shock
0 conditions ahead of shock
ANALYSIS

Differential Equations

The flow model chosen for analysis is that of a normal shock moving at
veloclty ue into quiescent COz at density p_ . The corresponding flow field
as seen by an observer traveling with the shock is shown in sketch (a).

The equations describing the flow field behind
the shock are (neglecting transport phenomena. )

uw u pu = p_u _ = constant (1)
p P ou(du/dx) = -(dp/dx) (2)
Y udu +dh =0 (3)

SHOCK

w
Sketch (a).- Flow model.

)

where enthalpy of the mixture of species is

k
h(p,p,ny -« . my) = 3 nihs (4)
i=1



and . T
fy =&[\ 8p, ar + B;° (5)
@]

Tt is noted on the left side of equation (4) that h 1is assumed to be a function
of pressure, density, and chemical composition but not of the vibrational state
of the molecules. Thus we neglect vibrational relaxation in favor of chemical
relaxation (the former being fast compared with the latter for COs, according to
reference 7, at temperatures up to 2700° K). The advantage of this simplifica-
tion will be apparent subsequently when we consider specific heat. The equation
of state of the mixture is k

p = PRI nj (6)

i=1

Equations (1), (2), (3), and (4) can be combined to yield (ref. 8)

1 s om
du _ o(3n/3p) i=1 ony *
L [@h/ap) - <1/p>] (7)
-(dn/3p)

which is readily put into the form

du _ u =1 &x {53 R & i=1 dx (8)
dx e k Tk 8 ) k 2
P (¢}
ng (P q) o0 Ejra.—gi fr 3 ny Pi
N pue i=1 i=1 i=1 R i=1
- A
P & °pi
2:131 =
i=1 R

where 1t is assumed for the sake of simplicity that epi/ﬁ is constant at its
fully excited classical value (5/2 for atoms, 9/2 for diatomic molecules, and 7
for triatomic molecules (ref. 9)).

Thus flow equations (1) through (3) are coupled to the chemical rate equa-
tions by equation (8). The chemical rate equations for the reactions

k kfr k
2 ar,iXg & 2 Br, Xy (9)
i=1 r i=a
can be written as (ref. 8 or 10)
dni _ 1 ar,i 1 n. Br,i
x| u r <Br,1 - Obr,l) kfr [Hl(pnl) - K_C; Il (pny) (10)



If there are m types of atoms, m of equation (10) can be replaced by state-
ments of conservation of atoms (in this case carbon and oxygen atoms) of the form

k k
Z az j_nl = Z aZ inis (ll)
i=1 i=1

(which of course can be differentiated to give m values of (dni/dx) for use in
eq. (8)). The boundary conditions of the flow equations (1), (2), (3), and (8)
and the chemical rate equation (10) are specified immediately behind the shock
and are at x = 0,

0= 05 = Aw/e (12)

u = Ug = €Uy (13)

P = DPg = Pl (1l - €) (14)

h = hg = (8 Ts + 8,°) (15a)

= h, + (1/2)(uf - ug®) (15b)

ny =nyg = (M), 1np=ng=ns=mns=0 (16)

where the strong shock approximation has been used for boundary condition (1k),
and it has been assumed that the COs does not dissociate in passing through the
shock wave in boundary conditions (15) and (16).

A combination of boundary conditions (13) and (15b) with the strong shock
approximation (14), and the equation of state (6) yields

e = [2(8 /R) - 117 (17)

which is needed for the evaluation of the boundary conditions.

Having the set of flow equations and their boundary conditions, we proceed
to specify the chemical reactions.

Chemical Reactions

The following reactions are assumed for the dissociation and recombination
of COs and its constituents.

r=1, CO, +M2C0+0+M (18)
r=2, O,+M220+M (19)2
r =3, CO+M2C+0+M (20)

2The reactions r = 2 turned out to be unimportant in the solutions obtained.
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The differential equations can operate on these reactions if the reaction rate
coefficients are either known or specified. These coefficients are of the form

16-(Efr/§T)

ke, = 2[PAd2/a(s - 1)t](2nRr/Mx) Y 2(Ee, /RT)°" (21)
or expressed in the Arrhenius form;
ar, -(Er_/RT)
krp = BrpT Te i (22)

The backward reaction rate coefficlent is included in the equilibrium coefficient

~(En. /RT
Kep = (kep/kop) = BeyT Te (Fer/AT) (23)

This completes the set of equations used to solve the nonequilibrium flow
behind the shock wave. It is instructive to have the equilibrium conditions
which the nonequilibrium properties eventually approach some distance behind the
shock wave.

Equilibrium Conditions

The ten equilibrium properties useful for this analysis are n, f;, No, Na,
N4, 0s, Dy, p, T, and U. They are obtained from the simultaneous solution of the
following ten algebraic equations. By definition

o = Ay + 0y + N + N4 + 05 (2k)

Statements of conservation of oxygen and carbon atoms can be expressed as (from
eq. (ll))

I’-ll + ﬁs - ﬁs + 1 = 2nls (25)
1’—11 + ﬁg + 1’_15 = nls (26)
The equation of state is
- -
p = PORT (21)
Equilibrium coefficients can be expressed as
- - - - —-CX‘CJ_ A e
Key = (A2fe/f1)5 = Be,T “exp(-Ec,/RT) (28)
=N =, A
Ke, = (s/A3)p = BeyT czeXP(‘Ecg/RT) (29)
- = f= 3= s A—
Keg = (Asfs/f2)p = BegT  exp(-Ecg/RT) (30)
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and finally the flow relationships

d=ou./p (31)
T = Olo(Ue~ ) (32)
and
2 _ =2 &0 X A s.D0O
(1/2)(u,2 - G%) + nishl = z: YHKCpiT +hy ) (33)
i=1

complete the set of ten simultaneous equations for the ten unknown equilibrium
conditions. It is noted that some of the equations are nonlinear and transcen-
dental. These ten algebraic equations were reduced to a set of three nonlinear
transcendental equations with 13, A4, and fis as unknowns and seven equations in
the other unknowns. The set of three equations was solved by the oldest of all
methods, "regula falsi" (ref. 11). The other seven equations were then solved
guite simply for the remaining seven unknowns.

Method of Solution

Solutions of the nonequilibrium flow field were obtained in three ways.
These will be referred to as the complete solution, the first approximation, and
the second approximation. The two approximate soclutions were sought in an effort
to obtain as simple a mathematical model as possible. Both approximations are
compared with the complete solution to establish their validity.

Complete solution.- Flow equations (1), (2), (3), and (8) were solved simul-
taneously with the chemical reaction equations (10) and (11) written for the
reactions (18), (19), and (20) subject to boundary conditions (12) through (16).
The integration was performed by use of the Adams-Moulton predictor-corrector
variable step integration scheme (ref. 12). Values for the dissociation energy
and some of the other physical constants in the rate coefficients and equilibrium
coefficients were either obtained or estimated from information in references 13,
14, 15, and 16. The rate and equilibrium coefficients will be presented subse-
quently. Computation of one example including both the nonequilibrium flow field
and the equilibrium conditions was accomplished in approximately one minute by
the IBM 7090 digital computer.

Uncoupling of chemical and flow equations.- An order of magnitude analysis
of the flow equations (see appendix) reveals that both p and h can be expected
to be almost constant in the flow field. FExamination of the flow equations (1),
(2), and (3) shows that if any one of the variables p, h, p, and u is strictly
constant, the other three must be constant. In what will be called the first
approximation, we assume that this is the case. Then the flow equations can be
omitted and the chemical processes can be studied by use of equations (10), (11),
and the equation of state (6). It is noted that T is still a variable because

the ny vary. S)




Closed form solution.- Another simplification can be effected by what will
be referred to as the second approximation. In this case it is assumed that p,
h, p, and u are constant behind the shock and that only the forward reactions of
equations (18) and (20) are important. Furthermore, it is assumed that the for-
ward reaction (18) is essentially completed before the forward reaction (20)
begins. That is, the COp 1s almost completely dissociated before CO begins to
dissociate as shown in sketch (b). This assumption will be checked subsequently

co
2 0
z
©
- co
= €0,0
w \
w |
o |
(@]
= |

| c

|

Xa

X, DISTANCE BEHIND SHOCK
Sketch (b)

by comparison with the results of the complete solution. With these assumptions,
the appropriate chemical rate equation (10) and atom conservation egquation (11)
become, for x < Xg,

dny/dx = -k (p/u)gnyna (34)
2ny + mp + ng = 2ng (35)
ni + np = nig (36)
where

my = N1+ np +ong (37)

For x 2 Xg,
dnz/dx = -ke (p/u)gmyne (38)
no + ng = 2nig (39)
ns + ns = nig (L0)
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where

ny = Np + Ng + 0s (41)

Equations (34) through (37) can be combined with the equation of state (6) and
the forward rate coefficient equation (22) to yield a first-order differential
equation in which n; 1is the only variable,

any/ax = -Bp (o/oR)s 1 (p/u)gna(2ngg - na) < lexpl- Be (p/p)s(2n1g - na)]  (42)

with the boundary condition, at x = O,
oy = nls (u3)

If (2nis - nl)l-qil in equation (42) is rewritten
]
(gnls)l_ fl[l = (nl/gnls)]l f1

and the latter expression is expanded in a power series, equation (42) can be
integrated for ap; = 1/2 with the simple result for x < xg

ny a®(n,2 - nZ a3(n;® - n3, al(n M - ng)

in H;; + a(nl - nls) + 2.0t + 3-3! toeoe m-m!

eanl _ eanls 3 an, any
' - - s -
* 2(2niga) + 2-4(2n_8)2 e *any - 1) - e (anyg - 1)

+ 2°h-6%éilsa)3 [eanl<32n12 - 2an; + 2) - eanls(agnis- 2anp, + 2)]
* 2-&-6§é%églsa)4 [eanl(asnls - 38®%n;% + ban; - 6)

- ™M1s(a®n}, - 3a®n%; + Ganyg - 6)}

P zatcr A RS CESERE S S S L

an 33 2
- e™Mis(a®ni, - ba’nig + 3a n?s - 6anlS + 6)}

11 |

S

2
= “Bry | r;l:ﬁps @)se(enlsa)x (44)
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where

a = -Ef, <§>s (L5)

It is noted that x, 1s determined where ni/n,_ is some arbitrarily smell
s
value (0.001 for example).

Equations (38) through (41) can be manipulated in the same way to give a
differential equation identical to equation (42) with n; replaced by nz, 2nig
replaced by 3nig, and Br,, ar,, and Er, replaced by Brg, args and Ep,. Its
boundary condition is at x = x4

(46).

Nz = Mg

The solution is identical to that shown in equation (L4k4) with the proper inter-
change of notation; with x replaced by (x - xg), (2niqa) replaced by (3nlsa)
wherever the former appears alone in parentheses, and on the right side of equa-
tion (4k4) 2niy 1is replaced by 3nig under the square root sign.

DISCUSSION OF RESULTS

In presenting results, we first consider reaction rate estimates. Then some
typical solutions of the flow equations are shown, and finally relaxation dis-
tances are presented.

Reaction Rate Estimates

There are few experimental results for the dissociation rates of COs and CO,
especially for the high nonequilibrium temperatures behind normal shock waves.
For this reason, it was necessary to estimate forward reaction rates. However,
there is no sure way to estimate dissociation rates for diatomic molecules, and
estimates for triatomic molecules are even more uncertain. The principal uncer-
tainties are the values of s (the number of classical squared terms of energy
contributing to the reaction), P (the steric factor or transition probability),
and Efr (the activation energy). The lower limit of s and the upper limit of
P are unity. The simplest first estimate is made with these limiting values of
s and P and with the dissociation energy for the activation energy. This approx-
imation is equivalent to the assumption that the colliding pairs must have trans-
lational energy greater than or equal to the dissociation energy if a reaction 1s
to occur, and that a collision of any such pair always results in a reaction.
The corresponding rate coefficient estimates for COp and CO dissociation are shown
as s8o0lid lines in figure 1.

Although, in fact, s 1s greater than unity and P 1is less than unity, it
can be shown by the following discussion that for reasonable values of each, the

12
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effects tend to cancel one another and the simple estimate used here is plausible.
The upper limit of s for the collision of a COs molecule with an atom is 6.

The 1imit is higher for collision with another molecule. Similarly, the upper
limit of s for collision of CO with an atom is either 2 or 3, and for collision
with a diatomic molecule is either 3 or 5. If we assume for illustrative purposes
that s =5 for COp dissociation and 3 for CO dissociation, while P is unity,
the reactlon rate coefficients for these two reactions are shown by dashed lines
in figure 1. At temperatures below 20,000° K, they are higher than the corre-
sponding solid lines by a factor of the order of 10 to 10%. However, if P were
of the order of 1071 to 1073 » Tthe effect would be canceled and we would come
back to about the same estimate obtained for s = P = 1. Examination of rate
data for oxygen dissociation indicates that P 1s probably of the order of 1072
for that reaction. Thus we conclude that the simple first estimate using

P =5 =1 leads to plausible rate coefficients in the temperature range up to
20,0000 K. At temperatures greater than 20,000° K, the rates for s > 1 and

P =1 differ from the estimates for s =P =1 by less than a factor of 10.
Thus since s 1s probably greater than 1, while P is much less than 1, the
rates predicted by setting s = P = 1 are expected to be high. Because of the
preceding argument, it is speculated that relaxation phenomena may be even slower
and relaxation distances may be even larger than the results of the present
estimates will show.

Experimental results for the reaction

COs + A - products (47)

have been obtained (by Brabbs, Belles, and Zlatarich) at temperatures to about
3000° K, from which the reaction rate coefficient

ke = 3x00 T Zexp (-86/AT)cmPmole ~sec L (48)

was obtained, which is also shown in figure 1. It is noted that the curve
corresponding to equation (48) is in fair agreement with the present estimate for
COs dissociation in the temperature range 5,000° K to 10,000° K.

The curve for oxygen dissoclation shown in figure 1 was obtained from refer-
ence 15 (in which the results of ref. 16 were extrapolated to temperatures in
excess of 20,000° K).

Equilibrium coefficients for the three reactions considered are shown in
figure 2. These were obtained by an empirical fit of equation (23) to the

numerical results of references 12 and 13.

A summary of the constants used in the forward reaction rate coefficients
and equilibrium coefficients is shown in the following table.

13

12



Reaction summary
Bfr: Efrs Beps Ecr)
d em3 Ly k cal g mol ey k cal
g mol sec CK Ir g mol em® OK%er g mol
6.955x1012 0.5 | 125.7L97 0.50596x101% -2.9713 138.745)
11.9x102° -1.5 | 117.9982 .33399x10* -.6038 119. 4466
7.7206x10%2 .5 | 256.1742 .34113x10° -.2366 257.4958
Solutions

Before a few typical solutions are examined, it is instructive to examine
the equilibrium values which the flow-field properties approach asymptotically
some distance behind the shock. Both static enthalpy and pressure are almost
constant behind the shock (see appendix). Thus we can expect that 13/pS and
E/hs are approximately unity. Indeed, for flight speeds between 5 and 10 km/sec
in COs at ambient density between 1072 and 10'4, standard atmospheric density
§/ps and E/hs differed from unity by less than 3 percent. First, estimates of
7 and i can thus be obtained from equations (14) and (15b) directly. However,

p and T, shown in figures 3 and 4, are quite different from Py and Tg. It is
seen that § 1s not a strong function of shock speed. Moreover, gw/ﬁ varies
between the narrow limits 0.0472 to 0.0628 for the entire range of conditions men-
tioned previously. Equilibrium temperatures shown in figure 4 are fairly strong
functions of both shock speed and ambient density.

Turning now to the solutions of the chemical rate and flow equations, we
examine first a case of a shock moving at fairly high speed (9 km/sec) into COs
at low density (p./po = 107*). Flow-field quantities are shown in figure 5(a)
and chemical species concentrations are shown in 5(b). Note that quite large
variations in the flow-field guantities u, p, and T occur because of the
chemical relaxation processes.

It is interesting to observe that behind the shock, the flow accelerates and
then decelerates because of the chemical relaxation processes. Correspondingly,
density diminishes and then increases so that the product of density and velocity
remains constant (eq. (1)). Generally, at lower shock speeds in air, density
increases monotonically in the dissociative relaxation region behind the shock
(ref. 17). TFor that reason, the negative density gradient behind the shock in
COs- may be a little surprising.

The conditions for which the density gradient behind the shock is positive
or negative can be derived as follows. dJust behind the shock, no=ng=ng =ns =0
and dng/dx = dns/dx = 0 (because there is no atomic oxygen to recombine and
there is no carbon monoxide to dissociate). Using this information with the equa-
tion of state (6), boundary conditions (12), (13), (14), equations (17), (11), and
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(8) leads to

fad fa) A A O A o A O
(@1_1_ - Ug dnl> o cPl + cpg + Cp4 + - hl + hg + ha
~ ~ A - A N A 2
(8, /R) \ox & R Ry, 2(p /R-1)

nig [2(8p /R) -11°
(49)

As long as CO-, is dissocilating behind the shock, (dnl/dx) is negative. Then
(du/dx)g 1is F or (dp/dx)s 1s * if the braces in equatlon (49) are *. Rearrang-
ing the quantities in the braces and substituting numerical values for hi and
n,. leads to the criterias

S

EP 2

5.98><101@<2 =+ - )

ap 20 R

ax/)s < ° & 2 z 8
3 pl D1 Po D4

l 2 A - A i A

R R R

Applying equation (50) to the case where all specles are fully excited leads to
the approximate result (dp/dx)g 2 0 if Uw <5 km/sec. For no vibrational
excitation, the 5 is changed to about 9 km/sec.

cm®/sec® (50)

In figure 5, the solid lines correspond to the complete solution of the
coupled chemical and flow equations. The long dashed lines correspond to the
first approximation in which the chemistry and Tlow are uncoupled and only the
chemical rate equations are solved. The short dashed lines correspond to the
closed-form solution of the second approximation in which only the forward reac-
tions are considered. Tor this flight condition, neither approximation repre-
sents the temperature or concentratlon profiles of the complete solution very
well. Evidently the coupling between the flow field and the chemilcal rate proc-
esses is important; and, as can be seen in figure 5(b), CO- is not completely
dissociated before CO begins to dissociate, contrary to the assumption made in
the second approximation. It is particularly noteworthy in figure 5(a) that the
flow field is still far from equilibrium 10 centimeters behind the shock.

It is interesting to observe the effect of a large change in reaction rate.
In figures 6(a) and 6(b), the solid lines correspond to the complete solution
shown previously in figure 5. The dashed lines are the result of changing s in
reactions (18) and (20) to 5 and 3, respectively, leaving P fixed at unity.
This corresponds lcosely to increasing the reaction rates by about two or three
orders of magnitude. It is seen that equilibrium is approached more rapidly for
the latter condition (although relaxation distance is only changed about one
order of magnitude) as would be expected. However, for the reasons mentioned
previously, the solid lines are believed to be a more realistic representation of
the flow field. ]“,
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Figures 7(a) and 7(b) show flow-field and concentration profiles for a lower
flight speed at the same ambient density. Here the first and second approxima-
tions give almost identical results and both are a reasonable representation of
the temperature and concentration profiles of the complete solution. The results
indicate that only reaction (18) was of any consequence at this speed.

A result of high-speed flight (u, = 10 km/sec) at one hundred times higher
density (p,/po = 1072) is shown in figures 8(a) and 8(b). Again for high speed,
neither approximation represents the complete solution very well. Here it is
noted that most of the chemical relaxation has taken place in a distance of
0.1 cm behind the shock.

In figures 9(a) and 9(b), the flow field is that of a low shock speed at a
high ambient density. Here again, the dissociation of CO; was the only signifi-
cant reaction, as may be expected.s Both approximations were reasonable
representations of the flow field.

Comparison of CO, With Other Gases

For strong shock waves, the flow behind the shock can be characterized by
two free-stream varlables, veloclty and ambient density. For a fixed free-stream
velocity and ambient density, we will compare results in COp with those in air,
nitrogen, and oxygen.

Insofar as equilibrium conditions behind shock waves are concerned, the
pressure is very nearly the same for all of these gases. However, considerably
lower equilibrium temperature, density, and mole fraction of ions or electrons
exist behind high-speed shock waves in COo than in air.

With regard to nonequilibrium processes, it is pointed out that in terms of
dissociation energy, CO- is more stable than Op but less stable than Np. Also,
€O is more stable than No. Thus for high-speed shock waves for which both COs
and the resulting CO dissociate, we would expect relaxation to proceed more
slowly in COp than in O, Ny, or air. Conversely, for low-speed shock waves
behind which CO, dissociates but CO does not, we would expect relaxation to
proceed more rapidly in CO; than in Np.

The nonequilibrium flow-field profiles behind shocks moving at 9 km/sec at
ambient density gw/po = 10"* in pure €O, and pure Ny are compared in figure 10.
Reaction rates for Ns dissociation were obtained from reference 18. Relaxation
in €O, is slower than in N, as was expected. The initial dip in the density
profile appears to be missing in the Ny flow. It is actually there, however, but
is small and almost at the origin.

A comparison of CO, with N, and Op can be summarized in terms of the degree
of completion 7 (which is defined subsequently) of the chemical relaxation.
That is, at a distance of 10 centimeters behind the shock wave (again

3Tn figure 9(b), the concentration of O is slightly less than that of CO
because some of the atomlc oxygen recombined to form a trace of Op.
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U, = 9 km/sec, qm/po = 10-%), the chemical relaxation is about 60 percent com-
plete in COs, but is about 85 percent complete in No, while at a distance of only
0.05 cm behind the shock in Os, the chemical relaxation is 99 percent complete.

The above results will be summarized in a general way subsequently. Before
drawing our conclusions, however, it is worthwhile to examine the results of
numerous solutions from the standpoint of relaxation distances.

Relaxation Distances

For the present purposes, the relaxation distance is defined as the distance
behind the shock at which the change in number of moles that has occurred is a
gpecified fraction of the total change necessary to achleve equilibrium. That is,
the relsxation distance is that distance behind the shock at which

k
Ezni Nig
i:
LI — (51)
2:“1 T Mg
i=1

where 1 1s a specified value less than unity. Thus 17 1is an index of how far
the chemical reactions have gone toward completion. Figures 11 through 14 are
contour charts of relaxation distance as a function of shock speed and ambient
density for n = 0.1, 0.5, 0.8, and 0.95, respectively. It can be seen that the
relaxation distance for 10-percent reaction completion is small, varying from

10™% to 1072 cm as p_/p, varies from 107! to 107*. On the other hand, relaxa-
tion distances for 95-percent completion can be large, varying from 10°% to 10° cm
as p./p, varies from 107% to 107%.

CONCLUDING REMARKS

A study was made of the dissociative relaxation of carbon dioxide and its
components behind normal shock waves moving at speeds between 5 and 10 km/sec at
ambient densities from 1072 to 10~* times standard atmospheric density. Because
of a lack of high-temperature chemical reaction-rate data, it was necessary to
use collision theory for estimating rate processes. The analysis was simplified
somewhat and it was assumed that vibrational relaxation could be neglected. It
was also assumed that the specific heat of a pure species was constant at its
clagsical fully excited value. The latter assumption is quite reasonable for
single particle species C and O in the regime of the analysis, but less valid for
the species CO and COs. Certainly when more is known of reaction rates, 1t would
be appropriate to refine the other assumpticns used in the study.

The dissociation and recombination reactions for COz, O, and CO were
considered, in the analysis, and the results indicated that the dissociation and
recombination of Oz could have been neglected. The analysis results also showed
that at large distances behind the shock forpshock speeds of about 6 km/sec, COs

"
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was almost completely dissociated but CO did not dissociate. On the other hand,

at shock speeds of 10 km/sec almost everything was dissociated and the end prod-

ucts consisted principally of atomic carbon and oxygen. It should be noted, how-
ever, that ionizing reactions were not considered in the analysis and that, at

10 km/sec, some ionization may be present.

Strong coupling was indicated between the chemical relaxation and the flow
field in the nonequilibrium part of the flow. The coupling effects were strong
for high-speed shocks regardless of density level. The coupling for high-speed
shocks causes density to first decrease and then increase toward the equilibrium
value. Particle velocity behaves in the reverse way. A simple criterion was
developed to show conditions for which the density gradient behind the shock wave
is positive or negative.

Two approximations were employed to obtain solutions. The first of these
uncoupled the chemical effects from the flow field. The second, which uncoupled
the chemical effects and in addition considered only the dissociation reactions,
led to a closed-form solution. Both approximations take into account the varying
temperature in the relaxation region. Comparison of the results with those of
the complete solutions indicated that both approximations gave about the same
result for temperature and concentration profiles at shock speeds up to 6 km/sec
and both were a reasonable representation of the complete solution. At shock
speeds of 10 km/sec, however, neither approximation represented the complete
solution very well.

Results show that flow fields behind high-speed shock waves are farther from
chemical equilibrium in COs than in Ny or Os.

Finally, relaxation distances behind the shock were large for low density.
For ambient density of the order of 10™* standard density, the relaxation
distance for reactions to go 95 percent toward completion was of the order of
10 meters.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., March 19, 1963
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APPENDIX

ORDER OF MAGNITUDE DISCUSSION

In the strict sense, all of the flow-field quantities op, u, p, h, T and
species concentration vary in the reacting flow field behind the shock. Some of
these quantities, however, will vary more than others. The purpose of the follow-
ing discussion is to show the relative variation of the guantities p, u, p, and
h in the flow field behind the shock.

At some distance x behind the shock, the ratio of local density to the
density immediately behind the shock is defined as g.

P

— Al
og ~ & (A1)
Thus the change in p from Pq is

P - DPg AD
ol ! (22)

The corresponding change in u 1s from equation (1)

T R
ug 8 (A3)
Similarly, from equation (2) the change in p (noting that pg % pu.® = psusqm)
is )
A—p=<-:<-l> (a)
Pg g

where € = p_/pg. Finally, the change in h if we assume that h, << hg and
Ue® >> ug and make use of the integrated form of equation (3) is approximately

e = €2 (1 g1—2> (45)

Assuming for exemplary purposes that g may be as high as 2, and that
€ = 1071, the corresponding changes in density, velocity, pressure, and enthalpy
(from eqs. (A2) through (A5)) are 100, 50, 5, and 0.75 percent, respectively.
Similarly, if g 1is as small as 1/2, we arrive at the same qualitative result.
Thus we conclude that pressure and enthalpy do not vary greatly in the chemical
relaxation region, although density and particle velocity vary a great deal.

19
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